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LEO Space environment 
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A B S T R A C T   
The properties of CNT composites are known to suffer changes when exposed to space conditions or simulated 
space environments. A more in-depth understanding of the magnitude of those changes could help improve the 
design of systems that contain them, produce more accurate predictions of their performance, or even open the 
possibility of new applications. In this study, the electrical properties of CNT epoxy composites containing low 
CNT loadings (less than 1%) were measured in-situ while the specimens were exposed to diverse simulated space 
conditions. A thermal vacuum chamber was employed to produce the low pressures and temperatures associated 
with low earth orbit. A solar simulator was used to replicate solar irradiance. A convection oven was used to 
determine the effects that could only be attributed to temperature variations. The changes in resistivity exhibited 
by the composite specimens are reported for each scenario along possible mechanisms that could explain the 
observed behavior. The microstructural and thermogravimetric characterization of the composites for the diverse 
loadings is also presented. Resistivity reductions of up to 40% were observed by the simultaneous application of 
high temperatures and low pressures, while the application of simulated sunlight with the concomitant surge in 
temperature, showed a maximum decrease of 58%. Outgassing and an increase in the number of charge carriers 
at the higher temperatures promoted by the simulated sunlight treatment, are believed to be responsible for the 
recorded reductions in resistivity. A qualitative analysis of the resistivity changes noted when the composites are 
exposed back to atmospheric conditions is included.   
1. Introduction 
The properties of carbon nanotube (CNT) composites have been the 
subject of a very large number of studies and reports. The scientific 
community has explored many aspects of these enthralling materials, 
from measuring and modeling their mechanical, optical, thermal, and 
electrical properties [1–4], to providing a proof of concept for a vast list 
of applications that could be fulfilled by their use. CNT composites could 
be employed as structural materials, batteries, sensors, membranes, and 
antennas, among others [1,2,5–13]. Due to their light weight, one of the 
thrust areas that is rapidly developing is the use of CNT composites in 
space structures and systems. Their specific strength [14], fracture 
toughness [15,16], fatigue resistance [17–20], and potentially favorable 
coefficient of thermal expansion [21], make them ideal candidates for 
space components [7,8,10,12]. CNT composites could also be used in 
charge dissipation systems and to protect against electromagnetic 
interference (EMI) [7,8,10,11,22]. 
The property changes that the composite materials suffer after they 
are exposed to actual or simulated space environments have been the 
subject of multiple reports. Low earth orbit (LEO) is of particular 
importance as the region of space where the International Space Station 
(ISS) and the Hubble space telescope reside [23,24], as well as a growing 
commercial space economy that in includes the Iridium constellation of 
66 satellites [25]. The StarLink proposed constellation of 42,000 satel-
lites [26] and Planet Labs, Inc.’s more than 150 active earth observation 
satellites [27], are among other future and current systems located in 
LEO. 
Conditions found in space environments that are known to modify 
CNT materials include high vacuum, thermal cycles, exposure to atomic 
oxygen (AO), ultraviolet (UV) and other types of electromagnetic radi-
ation, charged particles and debris [28–30]. LEO, in particular, exposes 
materials to AO and higher populations of debris [31]. Some of the 
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consequences of exposure include, but are not limited to, surface 
erosion, fatigue cracking, loss of volatile components, and delamination 
[30,32]. For applications focused on charge dissipation and EMI, the 
changes in electrical properties of the CNT composites are of vital 
importance. However, the number of reports that focus on these prop-
erty changes due exposure to the space environment are scarce and do 
not show, to the best of our knowledge, what instantaneous variations 
could be expected. 
The literature regarding CNT exposure to LEO includes reports for 
both direct and simulated space environments. Hopkins et al. [33] 
exposed bare CNT yarns to LEO for more than 2 years by placing samples 
on the exterior of ISS as part of the Materials International Space Station 
Experiment (MISSE-8). Their observations include chemical changes 
and yarn erosion in the outer 1% of the yarn but no catastrophic damage. 
The study found that the electrical resistivity of the samples was 
increased by 26.1 and 28.5% depending on the specimen’s locations in 
the ISS. Ishikawa et al. [34] reported similar damage to the CNT yarns 
after being exposed to the space environment surrounding the ISS and 
also featured ground-based comparison tests. For the ground-based ex-
periments, the most significant changes in the yarn’s performance were 
related to AO exposure and the substantial reduction in material tensile 
strength. The electrical conductivity was not modified by exposure to 
UV or electron beam; however, the team did observe a decrease in re-
sistivity, presumably associated to re-deposition of carbon species. In 
samples exposed to space, AO irradiation caused significant yarn dam-
age with impacting mechanical properties, however, only minor 
changes were detected in electrical properties of thick yarns. CNT 
acid-spun yarns were treated under simulated LEO conditions by Kem-
nitz et al. [35]. Their observations indicate that UVC radiation did not 
significantly affect mechanical strength or conductivity but enhanced 
the piezoresistive effect. In contrast, they observed that AO severely 
degraded mechanical properties, with a 63.9% decrease in the yarn 
tensile strength and 56.3% decrease in the strain at failure. AO mildly 
degraded electrical properties, causing the conductivity to decrease by 
22.0%. The mechanical and electrical properties of CNT sheets treated 
under UVC and vacuum, as simulated LEO conditions, by Cobb et al. 
[36], confirmed that the effects of UVC exposure on the specimens’ 
microstructure were minimal. In sum, it could be concluded that AO has 
the potential to increase resistivity of bare CNTs by 20–30%, while the 
absence of AO, is expected to cause only minor modifications or leave 
the material unaffected. 
Once that the CNT are used as fillers in composites, the outlook of 
how their properties change as result of LEO exposure is quite different. 
For example, Jiao et al. [37] studied the AO exposure behavior of CNT 
epoxy composites, finding that CNT bundles tend to collapse and that 
porous CNT films present higher levels of erosion than dense counter-
parts. They also report a decrease in the material tensile strength (16.3% 
reduction) and electrical conductivity (approx. 30% reduction). The 
adverse effects of diverse environments, including LEO, in CNT/polymer 
interfaces were also studied by Prusty et al. [38] The behavior of other 
carbon composites, such as graphite/epoxy, under simulated LEO set-
tings have shown similar results; the work by Han et al. [39] showed 
considerable damage to the surface of the composites along mass erosion 
and reduction of tensile strength due not only to AO, but to the syner-
gistic effects of LEO space environment constituents (AO, UV radiation, 
thermal cycling). 
Reports regarding CNT composites includes work aimed to improve 
the materials resistance to degradation under LEO conditions. For 
example, Awaja et al. [40] performed simulated LEO treatments in 
various carbon epoxy composites, including CNT, and determined the 
effects that using different reinforcements had on the surface degrada-
tion mechanisms of the materials. The experimental conditions used 
included high vacuum, UV radiation and thermal cycling, the latter 
employing a halogen lamp and AO generated by a radio frequency 
power source. The main findings relate to samples with fillers presenting 
higher oxygen levels and less erosion than the bare epoxy resin. No 
electrical properties were examined. Atar et al. [41] fabricated flexible 
and electrically conductive polyimide nanocomposite films using CNT 
sheets. Their study shows that the incorporation of polyhedral oligo-
meric silsesquioxane monomer increases the durability of the compos-
ites exposed to ground-based AO environments without compromising 
their electrical conductivity. 
The present study focused on characterizing the instantaneous 
changes in electrical properties of epoxy composite specimens contain-
ing 0.014, 0.2 and 0.75 wt% of CNT while the samples were subjected to 
the temperatures, pressures and sunlight exposure that will be expected 
in LEO conditions. Each of the CNT loadings selected present a different 
order of magnitude resistivity, thus, prompting an independent in-situ 
analysis. The increasing number of systems located in LEO, and our 
dependence on their functionalities for advanced communications, 
global internet services, and earth observations, among others [42], 
make the subject of this manuscript significant since the results pre-
sented inform the community of their expected behavior. 
2. Experimental methods 
2.1. CNT composites fabrication 
The composites studied herein were generated using multiwall car-
bon nanotubes (MWCNT) acquired from Nanocomp Technologies Inc 
(Huntsman Corporation, Merrimack, NH, USA) and Henkel Loctite 
Hysol EA9396 Aero Epoxy (Henkel Corporation, Dusseldorf, Germany). 
A chemical vapor deposition process using Fe as catalyst was employed 
to generate large CNT sheets. The sheets, presenting electrical conduc-
tivities in the order of 3.2 × 104 S/m (resistivity of 3.125 × 10− 3 Ohm- 
cm) [43], were then converted into a pulp using a Hollander Beater and 
industrial burr mill [44]. The CNT were used as received, as pulp/-
bundles of approximately 0.05 mm diameter and 1 mm in length, with 
individual nanotube diameter of approximately 30 nm and Fe catalyst 
nanoparticles dispersed throughout the sample. 
The epoxy resin used was a two-part system consisting of resin and 
hardener, in a manufacturer’s recommended mixing ratio of 100:30 by 
weight. The epoxy system employed is known to have a tensile lap shear 
strength of 27.6 MPa and a tensile strength of 35.2 MPa at 25 ◦C when 
cured for 1 h at 66 ◦C. The viscosity of the epoxy at 25 ◦C is 700 Poise for 
Part A, 0.9 Poise for Part B and 35 Poise for their mixture. The electrical 
resistivity of the base epoxy mixture is reported to be 2.14 × 1015 Ohm- 
cm [45]. 
The resin and the proper amount of CNT to generate the loadings of 
interest (0.014, 0.2 and 0.75 wt% CNT), were mixed using a FlackTek 
(Landrum, SC, USA) asymmetric speed mixer operating at 1200 rpm in 
the first 2 min mixing cycle, at 2500 rpm for 1 min and three subsequent 
1 min cycles at 3000 rpm. Vacuum was applied in between mixing cycles 
to remove air pockets and minimize porosity. The application of vacuum 
in between mixing cycles also served as a cooling period since the 
mixing cycles cause the specimen’s temperature to increase. Once the 
CNTs were dispersed in the resin, the hardener was added in a single 
mixing step. While still in a viscous state, the resin-CNT-hardener mix-
tures were deposited in an electric board that had a prefabricated 
pattern of 4 conductive traces to later conduct the electrical measure-
ments. The samples were cured at 66 ◦C for 1 h using a Binder con-
vection oven (Binder GmbH, Tuttlingen, Germany). 
2.2. Simulated space environments 
The CNT epoxy composites were exposed to three different envi-
ronments while their electrical resistivity was measured: a) Tenney 
thermal vacuum (TVAC) chamber, b) solar simulator and c) convection 
oven. The first experiment, conducted in the TVAC chamber, was meant 
to provide similar pressure and temperature conditions to the ones 
encountered in LEO. The solar simulator was used to mimic the exposure 
of the specimens to sunlight; thus, the samples electrical properties were 
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measured as a function of irradiance and the temperature increase 
associated with it. The third set of experiments were conducted inside a 
convection oven as an attempt to understand the isolated effects of 
temperature on the composite’s resistivity without the influence of 
pressure or light featured in the other two sets of experiments. 
2.2.1. Tenney thermal vacuum TVAC chamber 
A TVAC chamber Model 3.5D3-LN2-VTV-G (Tenney Environmental, 
New Columbia, PA, USA) was employed to subject the CNT composites 
to pressures and temperatures close to those normally encountered by 
space systems in LEO. The TVAC system consisted of a stainless-steel 
vessel operating under high vacuum, with pressures down to 1 ×
10− 7 Torr [1.3 × 10− 5 Pa]. Liquid nitrogen was employed to allow the 
samples to be cooled, thus, enabling experiments to be carried out in 
temperatures from − 60 ◦C to +150 ◦C. Connector pass-through cables 
were used to collect electrical resistivity data, as shown in Fig. 1. Each of 
the CNT composites studied (0.014, 0.2 and 0.75 wt% CNT) were tested 
independently. Two of the loadings were measured twice to verify the 
run-to-run variation. Resistivity data for multiple temperature points 
was collected using currents from 5 to 500 μA. For reference and com-
parison, the pressures encountered at diverse elevations are included in 
Table 1 below [46]. 
2.2.2. Solar simulator exposure 
An OAI TriSOL 300 mm class AAA solar simulator (Optical Associates 
Inc., Milpitas, CA, USA) was employed to produce similar conditions 
than the ones encountered by direct sunlight exposure. Solar simulation 
light sources of the type employed produce an intense, uniform, colli-
mated beam of broad band energy. The instrument uses a xenon arc 
lamp to produce the radiation, which is collected by a reflector and 
directed to an aluminum mirror. The beam then converges onto the 
optical integrator and the exit beam diverges through the open shutter to 
the second mirror, where it is reflected through the collimating lens onto 
the exposure plane. The xenon lamp provides standard sunlight simu-
lation from UV to infrared (IR) in accordance to ASTM E927-5 and ASTM 
E490. Fig. 2 presents the irradiance graph taken for the instrument 
covering wavelengths from 330 to 1800 nm; the measurement was 
performed at 1000 W/m2 at 25 ◦C with a lamp current of 82 A. The 
spectral irradiance wavelength distribution for air mass at global spec-
trum and zero atmosphere, (AM1.5G and AM0, respectively) are also 
plotted for reference. 
An OAI 306 UV Power meter (Optical Associates Inc. Milpitas, CA, 
USA) was used to determine irradiance in mW/cm2 received by the 
composite specimens for the duration of every experiment. These values 
are plotted on the secondary axis in the results section (Fig. 8). 
Fig. 3 shows the physical arrangement of the samples for the test. 
Fig. 3a illustrates the placement of the sample in the central region of the 
simulator exposure plane. It is worth noting that 2 strips of composite 
are exposed while only one has been soldered to the set of 4 cables for 
the 4-point resistivity measurements. The source meter was placed at a 
separate table, its description is included in Section 2.4. Two T-type 
thermocouples (Omega Engineering, Inc. Norwalk, Connecticut, USA) 
were employed to measure temperature, one placed on top of the 
composite and one in direct contact with the high-performance laminar 
flow isolator that served as substrate. The power meter was located 
within an inch of the composite’s electric board (see Fig. 3b). Fig. 3c 
shows the simulator during operation, with an open shutter. 
2.2.3. Convection oven 
The electrical properties of the CNT specimens were also measured 
inside a convection oven under two different conditions in order to 
replicate the temperature range and heating rates experienced by the 
TVAC and solar simulator datasets. For the TVAC comparison, oven 
temperatures varied from 25 to 150 ◦C in 10 ◦C intervals with dwell 
stabilizing periods in between each step increase. To compare with the 
solar simulator data, heating in the oven took place from 25 to 90 ◦C, 
using a continuous temperature increase until the sample reached the 
maximum temperature. The same Binder convection oven (Binder 
GmbH, Tuttlingen, Germany) used for curing the specimens was 
employed to collect resistivity data as the sample was heated. Fig. 4 
shows the sample placement and the experimental setup. 
2.3. Materials thermal and microstructural characterization 
The cured CNT epoxy samples were analyzed in a Simultaneous 
Thermal Analyzer (STA) 449 Jupiter F1 (Netzsch GmbH & Co. Holding 
KG, (Selb, Germany) to determine if the specimens suffered changes in 
mass as the temperature increased. The data was collected from room 
temperature to 150 ◦C with a heating rate of 1◦/min under ultra-high 
purity Argon atmosphere (Ar-UHP) flowing at 100 ml/min. 
A Zeiss Neon 40 (Zeiss, Oberkochen, Germany) Dual Beam Scanning 
Electron Microscope (SEM) operating between 1 and 20 KV was used to 
determine the microstructural features of the CNT bundles and the 
distribution of the same along the Fe catalyst in the epoxy resin. A Nikon 
Fig. 1. Tenney environmental chamber setup. a) CNT composite electric board attached to the cables that were used to collect the sample’s resistivity data and 
thermocouple used to verify the platen’s temperature. b) Front of the chamber and sample placement. c) Side view of chamber including electronics box used 
as interface. 
Table 1 
Altitude pressure conversion table from Ref. [46].  
Altitude 
(Feet) Sea 1000 5000 50,000 100,000 200,000 300,000 500,000 600,000 700,000 
(km) Level 0.3 1.5 15.2 30.5 61.0 91.4 152.4 182.9 213.4 
Pressure 
(Torr) 760 733.0 632.5 87.38 8.28 0.169 7.99E-4 1.35E-5 1.76E-6 9.02E-7 
(Pa) 1.0E5 9.8E4 8.4E4 1.2E4 1.1E3 2.3E1 1.1E-1 1.8E-3 2.3E-4 1.2E-4  
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Fig. 2. Measured irradiance for the solar simulator instrument employed in the study with irradiances AM0 and AM1.5 shown for comparison. Modified from 
source: [47–49]. 
Fig. 3. Solar simulator setup that was employed to simultaneously collect temperature, irradiance and resistivity data. a) Sample placement, b) Meters employed, 
and c) Image of the exposure plane and view of instrument while shutter is open. 
Fig. 4. a) CNT composite board location inside oven and b) Meters and cables employed to conduct 4-point resistivity measurement and corroborate temperature at 
the board. 
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Epiphot 200 reflective optical microscope (Nikon, Tokyo, Japan) was 
employed to observe the surface porosity of the cured composite 
samples. 
2.4. Electrical measurements 
The four-point circuit boards were analyzed using a 2400 Keithley 
Source Meter (Tektronix, Inc., Beaverton, OR, USA) as the current source 
and a digital multi-meter to measure the voltage drop across each 
sample for various applied currents. Using sample thickness, the re-
sistivity of each sample was calculated. For the data reported herein we 
focused on the resistivity that resulted from the application of 400 μA. In 
order to determine if the electrical properties effects observed in the 
samples were permanent or what changes could be expected when the 
specimens get exposed again to atmospheric conditions, their resistivity 
was measured immediately after each test, after one day and after 
multiple days from the time when the original experiment was 
conducted. 
3. Results 
3.1. Electrical and microstructural analysis of CNT and CNT composites 
under atmospheric conditions 
In order to understand the significance of the changes in the elec-
trical data observed under simulated LEO conditions for each of the CNT 
loadings studied, it is indispensable to first describe their microstruc-
tures at the nanometer level and the relationship of those with their 
electrical conductivity at atmospheric settings. The CNT loadings 
employed were targeted to include extremely low amounts of CNT 
(0.014 wt%) and a couple of compositions with low loadings (0.2 and 
0.75 wt%). Such selection allowed the characterization of the behavior 
of specimens below and above electrical conductivity percolation limits, 
respectively, observed in prior work [50,51]. The resistivity of the CNT 
epoxy composites at 760 torr and 25 ◦C, is expected to be in the 2 × 103 
to 10 × 103 Ohm-cm range for 0.014 wt% CNT, 50 to 200 Ohm-cm for 
0.2 wt% CNT and 16 Ohm-cm or less for 0.75 wt% CNT. The standard 
Fig. 6. a) and b) SEM micrographs of raw CNT bundles at different magnifications. c) and d) Distribution of CNT network within the epoxy composite for a specimen 
containing 0.75 wt% loading showing the conductive CNT tridimensional network alternated with void spaces. 
Fig. 5. Epoxy - CNT composite resistivity as a function of CNT loading in wt%. SEM micrographs taken from samples containing different CNT loadings along the 
schematic representation of the conductive networks that each loading form. Grey regions represent areas where CNT are concentrated, while blue regions constitute 
the non-conductive zones devoid of CNT. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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deviation in the data presented in the figure was calculated from the 
analysis of 8 different electric board samples. The resistivity range 
mentioned includes the lot-to-lot variability. Fig. 5 presents the elec-
trical resistivity for composites with CNT loadings from 0.014 to 2 wt%. 
Some of the resistivity trends below 300 Ohm-cm could be appreciated 
in the inset graph. The SEM observation of the microstructural features 
for two compositions (0.014 and 0.75 CNT wt%), acquired from the 
epoxy-CNT composites polished surfaces, is presented as well, along a 
schematic representation of the conductive networks identified. For the 
SEM images, the bright areas correspond to the CNT embedded bundles. 
In the accompanying pictogram, the grey areas represent the locations of 
the composite densely populated by CNT, where electrons are expected 
to have high mobilities, while the blue regions represent insulating 
areas, where the epoxy is devoid of CNT. It is worth noting that the scale 
bar for each image is quite different: 10 μm for the 0.014 CNT wt% 
sample and 1 μm for the 0.75 CNT % specimen. The striking differences 
in resistivity as a function of filler loading are associated with the 
microstructural features: The absence of a conductive network in sam-
ples with 0.014 wt% CNT promotes a capacitor-like behavior. In 
contrast, the samples with 0.2 and 0.75 wt% CNT, despite containing 
regions devoid of CNT, form a tridimensional web of interconnected 
nanotube conductors within the non-conductive polymeric matrix, thus, 
exhibiting the expected resistor behavior. Detailed analysis of the 
conductive mechanisms in these composites, and some of the variables 
Fig. 7. Variation in resistivity recorded when samples are exposed to 1 × 10− 6 torr and temperatures from − 60 to 150 ◦C. a) Logarithmic scale and b) Normalized 
resistivity to compare the extent of the change by CNT loading. 
Fig. 8. Resistivity as a function of time of treatment as the samples are exposed to simulated sunlight for composites with a) 0.014, b) 0.2 and c) 0.75 wt% CNT 
loadings. Left: Including irradiance measured during exposure. Right: Including the increase in temperature generated as result of the sunlight exposure. 
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that influence them, can be found in Refs. [50,51]. 
Fig. 6 presents SEM micrographs in which bare CNT bundles could be 
appreciated (6a) and where the individual diameter and presence of Fe 
catalyst nanoparticles is evident (6b). Fig. 6c and d illustrate the 
microstructure of the 0.75 wt% CNT epoxy composite, showing the CNT 
distribution within the polymer at 10,000x and 20,000x, respectively. It 
is worth noting that these images show CNT at the surface of the com-
posite as well as CNT strands that are embedded in the matrix, forming a 
connected network that extends in all directions. As previously 
mentioned, it is believed that the existence of such intertwined CNT web 
is responsible for the electrical conductivity of the composite. 
3.2. TVAC environmental chamber 
The resistivities observed as function of the low pressure and 
temperatures of the TVAC are presented in Fig. 7. The electrical 
behavior of the samples for the three loadings seemed practically un-
affected at sub-ambient temperatures combined with low pressure. The 
graph presented in Fig. 7a shows an almost constant value of resistivity 
as the samples transition from − 60 to 25 ◦C. The order of magnitude of 
the resistivity for each sample was within the expected values reported 
in Section 3.1. All the specimens exhibit a slight resistivity uptake fol-
lowed by a significant reduction after the temperature surpasses 40 ◦C, 
with larger changes occurring between 70 and 110 ◦C and higher tem-
peratures. Fig. 7b presents the normalized resistivity, assuming that the 
original reading for each filler loading is equal to 1. The samples with 
the lower loadings, 0.014 and 0.2 wt% CNT suffer the largest alteration, 
with reduction in resistivity of approximately 40% of their original 
values. The sample with 0.75 wt % displays only a reduction of 20%. 
Since most of the interest in these materials in space systems derives 
from their electrical conduction, the trends observed here are not ex-
pected to compromise their functionality but to improve their behavior. 
As a parallel study, pristine composites were stored at sub-ambient 
pressures (114.76 Torr) in a Pelco 2251 vacuum desiccator chamber 
(Ted Pella Inc. Redding, CA, USA) and their resistivities recorded over 
time. Resistivity reductions were negligible for the first day, however, 
the effect of the low pressure becomes more evident with time, reaching 
reductions of 0.20, 24.6 and 5.67 % for the 0.014, 0.2 and 0.75 wt% CNT 
composites, respectively, after 20 days. Such results demonstrate that 
not only high vacuum, but simple sub-ambient pressures, are enough to 
produce a change in properties and serves as evidence that loss of 
moisture and other absorbed gases or volatile components from the 
epoxy resin might be occurring. The differences between the desiccator 
and TVAC indicate that outgassing of moisture absorbed by the CNT 
and/or the epoxy matrix could occur to a small extent under pressures 
below atmospheric and be exacerbated as the temperature increases or 
pressure decreases. Section 4 below includes the thermogravimetric 
analysis and further discusses the root cause of the electrical properties’ 
fluctuations detected. 
3.3. Solar simulator 
The exposure of the samples to light produced by the solar simulator 
showed similar electrical behavior tendencies than the one observed for 
the TVAC experiment; an overall reduction in resistivity is observed as 
the time of exposure and temperature increased. The magnitude of the 
changes in resistivity in this case, is quite significant, with reductions of 
Fig. 9. Resistivity vs temperature for composites heating to 90 C in oven with a) 0.014, b) 0.2 and c) 0.75 wt% CNT loadings.  
Fig. 10. Comparison of the effects that temperature caused by a) Simulated 
sunlight exposure vs convection oven and b) TVAC chamber vs convection 
oven, has in the composite specimens’ resistivity. 
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48, 58 and 41% for the samples with 0.014, 0.2 and 0.75 wt% CNT, 
respectively. It is worth noting that the temperature of the samples in-
creases asymptotically over time once the irradiance stabilizes as illus-
trated in Fig. 8. 
In addition to the temperature effects, these samples experienced the 
exposure to electromagnetic radiation, which is known to produce an 
increase in the number of charge carriers, with the associated decrease 
in resistivity. The observed changes in the resistivity of the composites 
during their exposure to radiation in the UV, visible light and IR ranges, 
does not seem to follow a trend with respect to the CNT loading. The 
samples seem to be more susceptible to the level of porosity and surface 
characteristics than to loading, as the mass loss analysis presented in 
Section 4.1 will further address. 
3.4. Convection oven 
As previously mentioned, the experiments in the convection oven 
were meant to isolate the effect that temperature, as a single variable, 
had in the composite material’s electrical properties. The curves 
generated are presented in Fig. 9. The resistivity of the samples seems to 
stay at the original value until the samples reach approximately 70 ◦C. 
After that, the temperature tends to increase logarithmically while the 
resistivity experiences exponential decay. It is worth noting that a small 
reduction of resistivity is still observed after the samples reach the 
maximum temperature. The specimens undergo a resistivity reduction 
of 21.4, 40.87 and 26.3% for samples with 0.014, 0.2 and 0.75 wt% CNT 
loadings, respectively. Thus, the oven samples suffered modest changes 
when compared to those seen for irradiance exposure over time in the 
solar simulator. In contrast, the electrical properties recorded in the 
oven from room temperature to 150◦ C at atmospheric pressure, are 
similar to those experienced in the TVAC under high vacuum and up to 
150◦ C. Only the oven sample with 0.2 wt% CNT shows a more dramatic 
change. The mechanisms suspected of affecting composite resistivity are 
further discussed in the next section. 
4. Discussion 
4.1. Electrical properties measured in-situ 
Fig. 10 presents a comparison of the magnitude of the changes in the 
composites resistivity for each setting described. The data has been 
normalized, for all loadings studied, to the resistivity value at starting 
temperature for a) oven and solar simulator and b) TVAC chamber. It is 
worth noting that each graph contains convection oven data and that 
each experiment used a different heating rate to mimic, to the extent 
possible, the conditions imposed by the solar simulator or the TVAC. 
When the effects of temperature in oven are contrasted with those of the 
combined temperature and exposure to simulated sunlight in Fig. 10a, it 
becomes evident that the combined irradiance and concomitant surge in 
temperature have the greater influence in the instantaneous changes in 
resistivity than temperature by itself. For TVAC (Fig. 10b), low tem-
peratures (− 60 to 25◦ C) and low pressures (up to 1 × 10− 7 Torr) did not 
seem to modify the electrical performance (see Fig. 7), only higher 
temperatures result in significant resistivity reductions, thus the data 
here is only compared from 25 to 150 ◦C. From Fig. 10b, the oven 
experiment rendered a larger change in the resistivity than the TVAC. 
The location of the thermocouples in each experiment might provide a 
possible explanation; In the convection oven, the composite, and the 
overall volume of air inside the oven is at the setpoint temperature, 
while in the TVAC it is only the platen what is being heated. That is, the 
temperature imposed by the TVAC has to travel from the platen that acts 
as substrate, to the electric board (with thermally insulating backing) 
and finally to the composite. Thus, it is believed that in the oven the 
samples actually experience a more consistent heating process, which 
might produce higher localized temperatures, exacerbating its effects. 
Another observation from Fig. 10a and b, is that the 0.2% sample ex-
hibits larger variation than other loadings under all conditions. 
In all cases, the in-situ changes measured showed a significant 
decrease in the samples resistivity (increased conductivity), a factor that 
should be acknowledged as systems containing these composites are 
exposed to LEO conditions. 
Several factors have been shown to impact electrical conduction in 
CNT composites at elevated temperatures. These include temperature 
dependent properties of the composite matrix material, differences in 
thermal expansion of components making up the matrix, thermal acti-
vation of charge carriers at elevated temperatures/thermal fluctuation 
induced tunneling, and interactions with the atmosphere [52,53]. The 
data collected and presented here seems to follow a similar tendency as 
those studies and puts in evidence that the property changes result from 
the instantaneous exposure and continue over time. Thermal induced 
tunneling proposed by Sanli et al. [54] and Sheng et al. [55], could apply 
to samples above percolation limit (0.2 and 0.75 wt% CNT in this work), 
however, it won’t be responsible for the temperature effects seen in the 
0.014 wt% CNT sample, where the separation between CNT strands is in 
the micrometer range. The exposure to light might have an independent 
effect since the overall magnitude of the changes in the solar simulator 
seem to be greater than those observed at the same or even greater 
temperatures in the TVAC or in the oven experiments. Light effects in 
semiconductors are similar to heat effects. In both cases, free electrons 
are generated with the concurrent reduction in resistivity. Reducing the 
pressure or increasing temperature seem to also produce outgassing. The 
analyses of the samples by thermogravimetry confirms that the appli-
cation of temperature is accompanied by a reduction in mass as shown in 
Fig. 11. The 0.014, 0.2 and 0.75 wt% CNT epoxy composites show 2.51, 
5.23 and 3.01% mass reduction, respectively. The bare epoxy (no CNT), 
Aero 9396 Loctite, recommended for space applications due to low off 
gassing, showed a mass loss of only 1.26%. The bare CNT pulp 
employed, containing still the Fe catalyst, showed a mass loss of 4.56%. 
To understand why the sample with 0.2 wt% CNT lost more weight, 
the surface characteristics of all the composites were studied under an 
optical microscope. Despite all samples being produced under similar 
conditions, the sample with 0.2 wt% CNT presents a large amount of 
surface pores (Fig. 11b), not only are those of much larger dimensions 
(up to 100 μm) than the ones observed in the other two samples (Fig. 11a 
and c), their number far exceeds that of the other samples. The larger 
surface area produced by the porous surface could explain a greater 
tendency to absorb moisture that is lost during the heating cycles. In the 
images presented in Fig. 11 exemplary pores are marked with blue ar-
rows. The white arrows in the sample that contains 0.75 wt % CNT 
Fig. 11. Top: Mass loss recorded when conducting a thermogravimetric anal-
ysis of the composite samples over the range of temperatures of interest. Bot-
tom: Optical microscopy images of the samples surface showing the presence of 
pores. Note: Scale in images 100 μm. 
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represent areas of the sample where CNT are located at the surface, thus, 
creating a similar contrast than the ones that the spherical pores has. The 
shape of pores is in all cases a regular sphere, while the CNTs are shown 
as strings or irregular shapes. 
Differences in the composite fabrication process, such as the level of 
applied vacuum prior to curing, possible air inclusion during addition of 
hardener, and time employed to create the conductive film could result 
in microstructural differences of the resulting epoxy. Larger loading 
percentages are prone to porosity issues due to the increased mixture 
viscosity and are especially susceptible to slight differences in prepara-
tion technique. Density differences of as much as 4.1% have been found 
for the same loadings due to differences in preparation procedures and 
could account for the differences seen via thermogravimetric analysis 
and optical microscopy. 
4.2. Electrical properties measured after exposing specimens back to 
atmospheric conditions 
Since the current study focused on the instantaneous electrical 
behavior of CNT epoxy composites during their exposure to LEO 
approximate temperatures, pressures and sunlight, no data is presented 
in regard to their behavior after prolonged periods of exposure. How-
ever, there was still interest on what the immediate changes will be if the 
composites were returned back to atmospheric conditions. The samples 
were stored in polyethylene vials at room temperature and pressure and 
their resistivity measured on the days following removal from the test 
environment. Fig. 12 presents the data collected before, after, and 20 
days following temperature and UV testing. 
As described in detail in previous sections, a resistivity decrease 
(conductivity increase) is observed for all the environments studied for 
all the CNT loadings. The resistivity after one day back to atmospheric 
conditions tends to remain at the same decreased values or suffer a 
minor increase. Mohiuddin et al. also noted lower resistance values in 
samples that were previously been subject to high temperatures, as re-
ported in their study of the electrical resistance with increasing tem-
perature for CNT-polyether ether ketone composites with CNT loadings 
between 8 and 10 wt% [56]. In the present study, after one week of the 
original experiments, the resistivity is greater but not quite back at the 
values recorded before the experiments under simulated environments 
were conducted. The result is significant since it shows that the species 
that originally outgassed from the samples, could be easily re-absorbed 
after a few days and that the temperature effects are, until a certain 
extent, reversible. 
Such upturn in resistivity was also confirmed by heating pristine 
samples in the convection oven at a set temperature for 4 h and exposing 
them back to the laboratory atmosphere (see Fig. 13). The figure illus-
trates how the magnitude of resistivity reductions are proportional to 
the heating temperature for the same time of treatment. Those heated 
only to 50 ◦C had modest changes, while the samples heated at higher 
temperatures present a more significant relative change. Both the 0.014 
and 0.75 wt% CNT samples showed resistivity values trending back to 
their original state after one week in atmospheric conditions. When 
comparing the trends between Figs. 12 and 13, it is clear that the sam-
ples that were simply heated using the oven returned to the original 
values much faster than those that were also exposed to sunlight. 
It is expected that if the systems that contain these composites are 
exposed back to atmospheric conditions, as is the case in the reuse of 
some of the systems, their electrical properties will experience some 
level of recovery, as seen herein. A possible explanation of why the 
original values were not completely reached, might be that not all the 
volatiles initially lost are present in the atmosphere, some might be 
associated with the polymeric matrix components and thus, can’t be 
reabsorbed by the sample surface. Moreover, the composite surface 
finishing will also have an impact on the extent of the changes observed. 
5. Conclusions 
The instantaneous changes in electrical properties of CNT epoxy 
composites containing low CNT loadings (less than 1%) were measured 
while the specimens were exposed to diverse simulated space condi-
tions. A thermal vacuum chamber, solar simulator, and a convection 
oven were employed to produce approximate pressures, temperatures, 
and light conditions associated with low earth orbit. Increasing tem-
perature above 60◦ C under high vacuum will produce an instant 
reduction in resistivity of at least 20%. Exposure to simulated sunlight 
can have major impacts in the electrical behavior, promoting a surge in 
temperature and causing resistivity reduction up to almost 60% of the 
original values. All observations are consistent with mass loss due to 
Fig. 12. a) Resistivity values pre- and post solar simulator exposure. b) Resistivity values pre-and post convection oven experiment.  
Fig. 13. Pre- and post heat treatment resistivity values for a) 0.014 and b) 0.75 wt% CNT.  
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volatile species outgassing, and the generation of extra charge carriers as 
result of UV/visible/IR light exposure. Surface porosity plays a critical 
role in the specimen’s resistivity under all conditions studied. The latter 
seems to be more impactful than loading values when the CNT content is 
less than 1%. To a large extent, the changes in electrical properties 
observed were reversed after the specimens were returned to atmo-
spheric conditions. 
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